Introduction
Photopolymers undergo modulation of refractive index upon exposure to interference patterns and have been widely developed because of their easy processing, high light sensitivity, high refractive index contrast and low cost. This makes photopolymers a good prospect for the manufacture of holographic diffractive elements, as media for holographic data storage and for security holograms, etc [1, 2] . The material investigated in this study is an acrylamide based photopolymer developed at the Centre for Industrial and Engineering Optics having higher diffraction efficiency and refractive index modulation [3] . The shrinkage was studied by angular selectivity for various slant angles. Only a few attempts have been made to provide clear information of what is going on inside the polymer material [8, 9] . It is known that the process of monomer diffusion plays an important role in holographic recording [11] and it would be useful to evaluate the relation between Bragg shift occurring due to shrinkage and recording intensities governing the polymerization rate and the amount of the concentration gradient driven diffusing species. One challenge with photopolymers is that the material shrinks during polymerisation leading to Bragg mismatch at read-out [2] . This change is due to a change in fringe spacing in the thickness direction, hence out of plane and shrinkage has not been observed in other directions [4] . Such changes can be observed in slanted transmission and reflection gratings [5] [6] , but in the case of an unslanted grating the fringes are perpendicular to the surface of the material and neither the spacing of the recorded fringes nor the slant angle [7] are affected. We obtained the Bragg curves of the slanted holographic gratings after recording and evaluated the angular shifts of the peaks by curve fitting using Kogelnik's coupled wave theory as explained in [10] . We can write the expression for the fractional change d ∆ in grating thickness d by knowing the initial and final slant angles as explained in [7] .
1 tan (1) where 0 φ and 1 φ are the initial and final slant angles. Hence the shrinkage can be calculated.
Experimental procedures

Sample preparation
The photopolymer layer was prepared as previously described [3] . Briefly, 0.6g of acrylamide monomer was added to 17.5 ml stock solution of polyvinyl alcohol (10% wt). Then 2ml of triethanolamine was added followed by 0.2 g of N,N_Methylenebisacrylamide and finally 4ml of Erythrosin B dye ( 0.11 wt% stock solution). Of this solution, 0.6 ml was spread on a 25 mm x 75 mm glass plate. The samples were dried for 24 h. Sample thickness after drying was approximately 60±5μm.
Experimental setup
The basic setup used to record holographic gratings is shown in Fig.1 . The 532-nm beam from an Nd-YVO 4 laser was spatially filtered, expanded to 1cm diameter and collimated. The beam was then split into two using a beamsplitter. The two beams of the same intensity were made to overlap at the sample of photopolymer at an angle of 30.85 0 , so the spatial frequency was approximately 1000 lines/mm. The photopolymer layer was mounted on a high-precision computer-controlled rotational stage (Newport M-URM100ACC) so that the normal to the layer bisected the interbeam angle. This ensured that the beam ratio was constant across the illuminated area and that the grating was unslanted. The whole holographic setup was placed on a vibration free optical table. Gratings were recorded using intensities of 1, 5 and 10 mW/cm 2 and exposure times 80, 16 and 10s. The diffraction efficiencies of the gratings were monitored using a He-Ne laser which was diffracted by the recorded grating but not absorbed by the photopolymer.
The intensity of the He-Ne laser incident on the grating and the diffracted intensity were both measured using a power meter (Newport Optical Power Meter .Model 1830-C). It was necessary to ensure that the He-Ne laser was incident at the Bragg angle for 633-nm light even though there will be a small change in the position of maximum diffraction intensity for the unslanted gratings due to imperfections.
After recording the unslanted gratings and obtaining the angular selectivity profiles we also measured the profiles of gratings recorded with slant angles of -10 0 , -5 0 , +5 0 and +10 0 so that the angle of incidence of the probe beam at maximum diffraction efficiency were 5.618 0 , 8.894 0 , 15.312 0 and 18.421 0 respectively inside the photopolymer layers. Angular selectivity curves were fitted to the data from which we obtained the positions of the Bragg peaks and the thicknesses of the gratings [12] .
Hence the angular detuning can be corrected for any initial Bragg detuning of the probe He-Ne beam. Fig 2(a) shows the diffraction efficiency growth curve of +5 0 slanted gratings for different intensities but the same total exposure. From the graph it is clear that the polymerization rate increases with intensity. The fitted angular selectivity curves for slant angle +5 0 are shown in Fig 2 (b) , as plots of normalized diffraction efficiency versus angle inside the photopolymer layer, where the position of the Bragg peak of the unslanted grating is +15.312 0 inside the photopolymer layer for 1000 lines/mm.
Results and discussion
The angles inside the photopolymer layer were calculated using Snell's law. From these graphs one can determine the shifts in the Bragg peaks and hence calculate the shrinkage occurring in the photopolymer layer. It is clear from the graphs that the shift of Bragg peak is greater for exposure at lower intensity and longer exposure time which is 1mW/cm 2 and 80sec. Fig.3 shows the shift of the Bragg peak versus slant angle for three different intensities. Using
Eq. (1) one can fit the linear dependence of the tan (φ 1 ) versus tan (φ 0 ) in order to obtain the shrinkage of the material. Fig. 4 shows the tangent of initial slant angle versus tangent of final slant angle. The slope gives the percentage shrinkage of the material. The % shrinkages evaluated from the fitted curves are 1.9%, 1.3% and 1%.
The experimental findings of increased shrinkage at lower intensities of exposure can be correlated with the fact that at lower illumination intensity the polymer molecules formed are likely to be larger. The reason for this is that the rate at which the free radicals are generated is smaller and thus the volume concentration of free radicals is lower. This leads to a lower rate of termination and the ultimate result is the creation of longer polymer chains each comprising a larger number of monomer molecules. It is known that the polymerised material has higher density due to the morphology of the polymer material made of entangled polymer molecules. For a greater extent of polymerization the final density and thus the total dimensional change of the layer will be greater. The experimental results
imply that a careful consideration should be given to the recording conditions when the effect of shrinkage must be avoided. Higher intensities are recommended but the maximum achievable refractive index modulation seems to be lower in these cases ( Fig.2a ).
Conclusions
Transmission diffraction gratings of spatial frequency 1000 lines/mm were recorded in an acrylamide based photopolymer film having 60±5μm thickness at constant exposure and different intensities and exposure times. We have obtained the Bragg curves and Kogelnik's coupled wave theory was used to fit the angular selectivity curves of the gratings. We have obtained grating thickness and final slant angles from the Bragg curve and hence calculated the shrinkage. The material shows linearity in Bragg detuning in slanted gratings and higher shrinkage is noted for recording with lower intensity and longer time of exposure. The next step is the modification of the photopolymer material in order to decrease the shrinkage due to photopolymerisation. We are studying the effect of incorporating different nanoparticles in the material. The results will be presented elsewhere. 
Fig. 3
Bragg peak shift for gratings recorded at a set of different slant angles versus the recording intensity. The total exposure was kept constant at 80mW/cm2; B-10 mW/cm 2 , C-5 mW/cm 2 , D-1 mW/cm 2 Fig. 4 Dependence of the new slant angle on the initial slant angle for three different intensities. The total exposure was kept constant at 80mW/cm 2 . (a)1 mW/cm 2 (b) 5 mW/cm 2 (c)10 mW/cm 2
